).
In recent years, a great deal of attention has been paid to vinyl derivatives of nitrogen-containing heterocyclic compounds, in particular N-vinylazoles. They are promising monomers for the development of polymers and copolymers, which is due to their unique properties and practical importance. N-Vinylazoles are extremely widespread in nature, play an important role in biological processes, are used in drugs [1] [2] , and are prone to complexing [3] and to reactions of alkylation and electrophilic substitution.
Among the numerous N-vinylazoles, copolymers based on N-vinylpyrazole and its derivatives have been little studied. The functional properties of such copolymers are determined in many ways by the nature of the copolymer. In this connection, the radical copolymerisation of N-vinylpyrazole with industrial monomers such as vinyl chloride, vinyl acetate, styrene, methyl methacrylate, and so on, is of great interest.
Polymers and copolymers of methyl methacrylate and vinyl chloride, which are contained in various highmolecular-weight compounds used for the development of paint and varnish, sealing, and bonding composites, adhesives, etc., have now been studied fairly well.
However, in spite of such varied areas of application of methyl methacrylate and vinyl chloride, information about the radical copolymerisation of these monomers with N-vinylpyrazole is absent in the literature. The synthesis and investigation of new copolymers based on the indicated monomers is of both scientific and practical interest.
Nitrogen-containing heterocyclic compounds are of interest to researchers of proton-conducting membranes as a component of fuel elements [5] [6] [7] . Furthermore, methyl methacrylate and vinyl chloride are capable of giving membranes good film-forming properties.
The aim of the present work was to synthesise and investigate copolymers based on N-vinylpyrazole (VP) with vinyl chloride (VC) and methyl methacrylate (MMA), and also hybrid composites, for the development of proton-conducting membranes.
EXPErImENTaL
VC, MMA, and tetraethoxysilane (TEOS) are commercial monomers. The MMA and TEOS were purified by vacuum distillation. N-Vinylpyrazole was produced by the procedure described in Skvortsova et al. [8] , in accordance with the reaction:
The copolymerisation of VP-VC and VP-MMA systems was conducted under conditions of free radical initiation by the action of azobisisobutyric acid dinitrile (AAD) at a temperature of 60°C in the presence of dimethylformamide (DMF). Ampoules were filled by the gravimetric method. The dosing of vinyl chloride was done as follows: into the ampoules were charged the initiator and N-vinylpyrazole, and then the ampoules were cooled and liquefied vinylchloride was added, measured by a calibrated measuring cylinder. The ampoules were then frozen in liquid nitrogen, blown with argon, and sealed off. The weight of the dosed vinyl chloride was calculated in the following way:
(Weight of closed ampoule+sealed end)(weight of ampoule with AAD+second monomer)
The copolymerisation time was varied until the necessary conversion was reached. At the end of copolymerisation, the cooled ampoules were opened, and the reaction mass of VP-VC and VP-MMA was dissolved in DMF and precipitated with ice-cold water. The reprecipitation of the copolymers was carried out twice from a solution of copolymer VP-VC and VP-MMA in DMF with ice-cold water and dried in vacuum to constant weight.
The membranes were produced from solutions of (co)polymers in DMF. To increase the elasticity of the membranes, a film-former -polyvinylbutyral (PVB) -was added to the initial solution of (co)polymer in a ratio of 2:1.
Film formation was carried out by casting, by even distribution of homogenised mixtures of solutions of (co)polymers with film-former on the surface of glass or Lavsan polyethylene terephthalate fibre. Activation of the surface, after drying and heat treatment of films at 110°C, was carried out by doping the formed membranes with a 9 M solution of orthophosphoric acid. The electrical conductivity of the films was measured by complex impedance in an isothermal regime at 298 K. The film thickness was 50 µm.
Turbidimetric titration was conducted on a KFK-2 photometer. For titration, use was made of solutions of the polymers in DMF, and water was used as the precipitating agent. The wavelength in all measurements was 670 nm. The viscosity of the diluted solutions of copolymers was measured in an Ubellohde capillary viscometer at 25°C in DMF. All measurements were conducted during heating. Elemental analysis of the reaction products was conducted on a Thermo Finnigan Flash EA 1112 gas analyser. IR spectra of the copolymers were obtained on a Specord IR-75 spectrometer in KBr pellets and vaseline oil, and also on a Bruker IFS-25 spectrometer. 13 C NMR spectra of specimens of copolymers were recorded on a Varian VXR-500S spectrometer (working frequency 125.5 MHz) with a relaxation delay of 2.5 s and a pulse of 90 in a DMSO-d 6 solution. As the relaxant, use was made of chromium tris-acetyl acetonate (0.02 mol/L).
As a result of copolymerisation, in VP-VC and VP-MMA systems (Tables 1 and 2), powder products of white colour (different ratio of monomers) were obtained that were soluble in alcohols, ketones, chlorinated hydrocarbons, DMF, and DMSO. ) (VP-VC specimen) remain unchanged, and bands of vibrations ) are retained, demonstrating the presence in the copolymer of MMA fragments. For VP-VC copolymers, a band appears at 1640 cm As can be seen from the data in Table 1 , copolymers are formed with any monomer ratio in the investigated region of compositions of the initial blend and are always rich in VP units. Increase in the VP content in the initial blend leads to an increase in the yield of copolymer and to an increase in the intrinsic viscosity. The obtained copolymers of VC with VP, in contrast to PVC, are soluble in a wider range of solvents (alcohols, ketones, chlorinated hydrocarbons, DMF, and DMSO).
In the 13 C NMR spectra of VP-VC copolymers obtained with high degrees of conversion and a VC content in the initial blend of over 50 mol%, a group of signals of the fragment -CH=CH-(128.03-127.58 ppm) is present, which is direct proof of the occurrence of dehydrogenation. As a result of removal of hydrogen chloride from VC during its copolymerisation with VP, -CH=CH-fragments are formed:
By the IR and 13 C NMR methods it was established that, for the VP-VC system with low degrees of conversion of the monomers, the reaction of dehydrochlorination is absent.
To determine copolymerisation constants in the VP-VC system, reaction products with low degrees of conversion were obtained [10] (to avoid different polymer-analogous processes), and, on the basis of the dependence of the composition of the copolymer on the composition of the initial blend, the copolymerisation constants were calculated: r VP = 0.79 ± 0.10 and r VC = 0.015 ± 0.12.
The radical copolymerisation of VP-MMA (in contrast to the copolymerisation of VP with VC) is not accompanied with secondary reactions and proceeds only by the vinyl group:
Increase in the proportion of N-vinylpyrazole in the initial VP-MMA comonomer blend ( Table 2) is accompanied with a reduction in yield and viscosity.
On the basis of the dependence of the compositions of the initial blend and of copolymers with high degrees of conversion, the relative reactivity values were calculated in accordance with Danilovtseva et al. [10] : r VP = 0.39 ± 0.02 and r MMA = 0.45 ± 0.01. The reactivity of VP in reaction with VC is considerably higher than its activity in copolymerisation with MMA.
On the basis of the copolymerisation constants and the compositions of the initial blend of copolymers VP-VC and VP-MMA, the probability of the formation of three types of dyad -m 1 m 1 , m 1 m 2 = m 2 m 1 , m 2 m 2 -was calculated, and also the length of the blocks (l 1 and l 2 ) ( Table 3) .
Copolymers of VP and VC with a content of heterocyclic comonomer of up to 0.3 mole fractions in the initial blend exhibit a tendency to form an alternating The synthesised (co)polymers served as the base for polymeric elastic films, the activation of which was done with H 3 PO 4 . Films obtained from solutions of copolymers of VP with VC and MMA do not undergo changes when doped and are characterised by higher values of proton conductivity ( Table 4 ) in comparison with films based on a homopolymer -poly-N-vinylpyrazole (PVP) ( Table 4 , experiment 1). This indicates the greater stability of films with VC and MMA present.
The formation of internal double bonds in the VP-VC macromolecule (in the course of dehydrochlorination) leads to the emergence of crosslinks, which is the cause of loss of solubility. It was suggested that increase in proton conductivity of membranes be achieved by the formation of films based on hybrid copolymer-SiO 2 composites. The main problem in the forming of such films was to slow down the process of hydrolytic polycondensation of TEOS so as to produce soluble products. The complete hydrolysis of TEOS in the presence of polymers, as shown earlier [11] , leads to insoluble products with which it is not possible to form elastic films.
Sol-gel synthesis with the participation of aqueous alcohol solutions of (co)polymers and TEOS in the absence of alkaline or acid catalysis is characterised by a low rate and leads to a hydrolysate including polyorganylsiloxanes mainly of linear structure and containing a considerable number of silanol groups [12] .
In accordance with this, sol-gel synthesis was conducted in aqueous alcohol solutions in excess polymer base, using a silane:(co)polymer ratio of 1:13 and 1:19. The process of producing a hydrolysate can be described by the following scheme (for the case of homopolymer poly-N-vinylpyrazole):
Solutions of these composites were mixed with filmformer PVB in a ratio of 2:1, and films were produced by casting and dried and heat treated at 110°C for 1 h.
The heat treatment of the materials obtained leads to their additional crosslinking as a result of polycondensation of oligoorganylsiloxane. This is accompanied with the formation of secondary networks of silicon dioxide within primary macromolecules of the polybases, which ensures chemical, mechanical, and thermal stability of the structure.
In the IR spectra of the films there is a set of bands of stretching vibrations of the siloxane bond Si-O-Si in the 1000-1200 cm −1 region, and also a characteristic displacement of the absorption band of the pyrazole ring from 1480 to 1520 cm
. Such a nature of the IR spectra makes it possible to assume that the process of film formation includes coordination between the pyridine nitrogen atoms and the free silanol groups of the product of hydrolytic polycondensation of TEOS.
In order to improve the transport activity, the obtained films were subjected to doping for 24 h with 9 M of orthophosphoric acid. Doping leads to the formation of an acid-base complex consisting of a polymer base and orthophosphoric acid. As a result of this, activation of the transport properties of the films occurs in accordance with the known Grotthus mechanism [13] .
Among the investigated polymer membranes, the greatest proton conductivity is possessed by films based on hybrid composites ( Table 4 , experiments 6 to 10). Increase in their transport activity may evidently be due to the presence of a silicon block in the composite [14] [15] [16] . It is known [17] that the role of the silicon block in such systems reduces mainly to an improvement in the transport of protons generated by the polymer electrolyte by surface effects. However, it is impossible to rule out the appearance of proton-exchange activity by hydrolysis of the ester group (for a VP-MMA copolymer), and consequently the appearance of an additional centre of proton generation. 
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